Conventional microbial cell cultivation techniques are typically labor intensive, low 3 throughput, and poor parallelization, rendering them inefficient. The development of 4 automated, modular microbial cell micro-cultivation systems, particularly those 5 employing droplet microfluidics, has gained attention for their high-throughput, 6 parallel and highly efficient cultivation capabilities. Here, we report the development 7 of a microbial microdroplet culture system (MMC), which is an integrated platform 8 for automated, high-throughput cultivation and adaptive evolution of microorganisms. 9
INTRODUCTION 1 10 Teflon microbial cell cultivation tubes (AF-2400, O.D. 1.67 mm, I.D. 1.07 mm, 1 length 1.5 m) were used to store and incubate droplets. The high total surface area to 2 volume ratio of the fluid increases the rate of mass transfer in the droplets, while the 3 movement enhances convection, which in turn facilitates mixing in the droplets 4 experiments, the volume of each droplet generated was 2.00 μl, and the maximum 15 number of droplets in each set of experiments was 200. The droplets are numbered 16 using the program as they pass through the recognition site located after the droplet-17 generation site (Figure 2a , Video S1). 18
19
For incubation, the droplets are circulated in the droplet-manipulation fluidic chip and 20 the microbial cell cultivation tube. The OD600 of droplets is measured as they pass 21 through the detection site. The channel also contains some right-angled curves to 22 enhance mixing by convection (Song et al., 2003; Song et al., 2006) (Figure 2b , Video 23 S2). 24 11 Droplets splitting and fusion are two important aspects necessary to achieve 1 continuous cultivation, which can conduct the operation of cell passage by splitting 2 the droplets containing cells into two parts and then merging one of them with the 3 droplets containing fresh medium (Figure 2c and 2d, Video S3 ). The fraction of 4 splitting, fsp is defined as 5
where Vre is the volume of the remaining droplet after being split and V0 is the initial 7 volume of the droplet. By maintaining the volume of the droplet after fusion the same 8 as the initial volume of droplet, the fraction of splitting, fsp, determines the 9 concentration of the microbial cells present in the droplet after fusion, which can help 10 us determine the concentration of inoculum when sub-cultivating cells. The fraction 11 of splitting can be manually defined for the particular needs of each experiment. 12
Droplets can be sorted and extracted using a droplet-numbering system in MMC 13 (Figure 2e , Video S4). 14 15
Calibration of the measurement of OD600 in MMC and well plate 16
For our experiments, OD600 was used to determine the density of microbial cells in 17 liquid culture medium. However, the Beer-Lambert law relating optical density to 18 sample concentration (or cell density) is only applicable when the optical density of 19 the sample solution falls within the linear range of the optical density vs. 20 concentration calibration curve (Begot et al., 1996) . Generally, before the OD600 of a 21 microbial culture is measured, the culture is diluted to yield measurements that fall 22 within the linear range of the spectrophotometer. However, manual dilution for 23 spectrophotometer measurement is difficult in both the well plate and MMC formats. 24 Therefore, it was necessary to plot calibration curves correlating OD600 values for 25 12 each of these different formats to OD600 values obtained using a standard method. To 1 generate these calibration curves, the OD600 values for various dilutions of each 2 microbial species were first measured with a UV-Vis spectrophotometer (Ultrospec 3 3100 pro, GE, USA; linear range: 0.1-0.8). For high-density microbial cell 4 suspensions, the culture was concentrated by centrifugation. To create high-density 5 microbial cell suspensions, the cells were cultivated in a 100-ml shake flask using 20 6 ml of the appropriate liquid medium for a long enough time to reach the maximum 7 cell density (for the time, refer to the growth curves of the shake flask in Figure 5 ). 8
Then the cell suspension was transferred to a centrifuge tube and spun at 5000 rpm for 9 5 min at 4 °C. After centrifugation was completed, discarded a part of supernatant, 10 and then resuspended the cells to obtain high-density microbial cell suspensions. 11
Microbial cell suspensions of the same densities used for the UV-Vis measurements 12 were then analyzed with a microplate reader (infinite M200 PRO, TECAN) and in the 13 MMC system. Each measurement was performed in triplicate. The calibration curves 14 for each strain were constructed by plotting the mean OD600 measured with the UV-15
Vis spectrophotometer against the mean OD600 measured with the microplate reader 16 or in the MMC system ( Figure 3 and S3). 17 18
Adaptive evolution of MeSV2.2 in MMC 19
MeSV2.2 was cultivated in a shake flask for 72 h using lysogeny broth culture 20 medium. The culture medium was inoculated with MeSV2.2 suspension (2% of the 21 total volume, Table S1 ) and cultivated in a shake flask for 5 h before seeding into 22 MMC. Fifty droplets were generated, and the concentration of inoculum was set to 15% 23 in each sub-cultivation. The duration of each sub-cultivation was 30 h. The culture 24 medium was then replaced with fresh medium by droplet splitting and fusion. 25 13 1 RESULTS 2
Calibration curve of OD600 values for MMC 3
We constructed OD600 calibration curves for six different microbial strains by plotting 4 the OD600 values measured by UV-Vis spectrophotometry against OD600 values 5 measured in both well-plate and MMC systems ( Figure S3 ). Comparison among the 6 calibration curves (Figure 3 ) revealed only a small effect of species difference on OD 7 measurement in both well-plate and MMC formats, as the deviation among curves 8 was minor. Notably, however, the shapes of all strains used for our experiment were 9 rod-like or spherical, so this result might not be applicable to microbes of other 10 shapes. 11
12
On the other hand, the linear range of the calibration curve varied among different 13 instruments, a result of a difference in path length. The cuvette we used for UV-Vis 14 spectrophotometry had a path length of 10 mm, and the linear OD600 range was 0.1-15 0.8. For the well plate, the path length was 6 mm (the same as the height of the cell 16 suspension in the well plate), and the linear OD600 range was 0-6. For MMC, the path 17 length was 1 mm, and the linear OD600 range was 0-11. According to the Beer-18
Lambert Law, an increase in optical path length will increase the spectral noise of the 19 system exponentially as a result of increased intensity of the strong absorption band 20 (Inagaki et al., 2017). In turn, this increase in spectral noise increases the standard 21 deviation of absorbance measurements, thereby narrowing the linear range of the 22 absorbance curve. 23 24 3.2. Accuracy and reproducibility of inoculation 25 14 Automated, continuous cultivation in MMC is achieved by splitting and fusing 1 droplets. Therefore, it is important to monitor the accuracy and reproducibility of the 2 MMC inoculation process to gauge the impact of inoculation on parallelization. For 3 ease of measurement, purple pigment and 10% sodium chloride solution were used to 4 simulate microbial cells and culture medium. A series of solutions were prepared 5 containing 10% sodium chloride and seven different concentrations of purple pigment 6 (13.1%, 21.7%, 32.0%, 41.8%, 51.9%, 64.8% and 75.2%). For each sample, 50 7 droplets were generated. After the droplet-splitting process, the remaining droplets 8 were inoculated into fresh 10% sodium chloride solution without purple pigment. The 9 absorbance of the initial droplets and the fused droplets was measured at 600 nm, and 10 the fraction of absorbance relative to that of the initial droplets was defined as the 11 concentration of inoculum. The coefficient of variation of the concentration of 12 inoculum relative to the targeted concentration varied between 2.2% and 5.0% for 13 each sample ( Figure 4 ), indicating that the inoculation process in MMC is 14 reproducible. When the targeted concentration was 13.1% or 21.7%, the coefficient of 15 variation was 5.00% and 4.96%, respectively, which were the highest among all 16 samples ( Figure 4b ). This result is attributable to the higher precision requirement for 17 the pump, both when segregating droplets into smaller fragments and droplet fusion. 18
Given that the precision is consistent, the coefficient of variation will increase as the 19 targeted concentration is decreased. 20 21
Characterization of the performance of microbial cultivation 22
To evaluate the performance of MMC with respect to microbial cultivation, six 23 microbial-cell species were cultivated in shake flasks, well plates, and MMC, and the 24 growth curves were plotted ( Figure 5 ). For each type of microbial cell, a single colony 25 15 growing on an agar plate was used to inoculate a 20-ml starter culture (see Table S1  1 for species-specific media and Table S2 for culture conditions) and cultivated in 2 shake flasks. When the starter culture reached OD600 ≈ 0.1, aliquots (20 ml for a shake 3 flask, 200 μl for a well and 2 μl for a droplet) were used to inoculate the various 4 cultivation systems. 5 6 At early stages of cultivation, the growth rate of all microbial cells was higher in 7 MMC compared with both shake flask and well-plate culture. With a larger total 8 surface area to volume ratio, the droplet cultivation system had a higher mass-transfer 9 rate, which enabled rapid gas exchange compared with other cultivation systems and 10 thus provided more oxygen to support the growth of microbial cells while rapidly 11 removing intracellular carbon dioxide. This property resulted in a higher initial 12 growth rate when excess nutrients were present. At the middle and later stages of 13 cultivation, when compared with shake-flask cultivation, E. coli MG1655 cultivated 14 in the MMC grew much faster. In addition, E. coli MG1655 cultivated in the MMC 15 had a higher-OD stationary phase. The cultivation performance of both L. plantarum 16 subsp. plantarum (CICC 20418) and C. glutamicum (ATCC 13032) in the MMC was 17 similar to that in the shake flask. However, the cultivation performance o S. cerevisiae 18 BY4741, P. pastoris Ppink-HC S-1, and M. extroquens AM1 in MMC was inferior to 19 that in the shake flask. For these three strains, the growth rate generally slowed when 20 the OD600 reached ~8, presumably because the droplet form inhibits cell survival at a 21 high concentration of cells ( Figure S4 ). In theory, when the cell concentration in the 22 droplet is too high, the growth of these cells is inhibited because of several factors, 23 such as space and nutrient limits, along with the accumulation of secondary 24 metabolites in the droplets. The disadvantage in material transfer and the 25 16 accumulation of secondary metabolites also explains the lower growth rate and final 1 microbial cell density in well plates compared to MMC. 2 3 Furthermore, it is important to note that, although there was no growth of 4 methanotrophic M. extroquens AM1 in the well-plate format, it exhibited a high 5 initial growth rate in MMC. As a compartmentalized cultivation system, carrier oil in 6 MMC insulates droplets from the environment, thus preventing the evaporation of any 7 volatile compounds in the droplet (data not shown). During the cultivation of M. 8 extroquens AM1, methanol was added to the culture medium to support growth. 9
Methanol evaporated rapidly in the well-plate system, resulting in loss of the carbon 10 source for M. extroquens AM1 and failure to grow. Although it is possible to add a 11 layer of oil to the well-plate system to reduce evaporation, this approach renders 12 further supplementation of methanol difficult and reduces oxygen diffusion into the 13 culture medium and thus reducing the growth rate of M. extroquens AM1. These 14 problems encountered in the well-plate system were not an issue with MMC. 15 Considering the high evaporation rate of volatile compounds in well plates and the 2 low throughput of shake-flask culture, MMC was clearly the superior option for 3 adaptive evolution of MeSV2.2. 4 5 MeSV2.2 was cultivated in MMC for 18 days, and a growth curve for each droplet 6 was plotted ( Figure 6a ). The peak and valley in each curve indicated the process of 7 adaptive evolution of MeSV2.2. In MeSV2.2 culture medium, methanol was 8 supplemented as a selection pressure for MeSV2.2. In the growth curves, inhibition of 9 cell growth during the adaptation phase is indicated by the valley, whereas the higher 10 growth rate of enriched cells adapted to methanol is indicated by the peak. 11 12 Eight droplets with high OD600 values after 18 days of cultivation were extracted for 13 further investigation (droplets 2, 3, 6, 14, 20, 23, 28, 35). For the mutant strains in 14 droplets 6 and 14, shake-flask cultivation yielded the highest growth rate ( Figure S5 ). 15
Furthermore, the growth rate of mutants in droplets 6 and 14 was compared with the 16 parent strain in shake-flask and MMC cultivation ( Figure 6b ). The results revealed 17 that the mutants in both droplets exhibited higher growth rates and had a higher cell 18 density in the stationary phase when cultivated either in shake flasks or in MMC. 19 20
DISCUSSION 21
We report the development of an automated, high-throughput microbial cultivation 22 and adaptive evolution integrated platform called MMC that consists of four main 23 parts, namely pumps and valves, reagent bottles, a droplet-manipulation fluidic chips, 24 and microbial cell cultivation tubes, with novel designs (Figure 1 2013), the cell suspension and reagents flowed through the pumps 2 directly and then were pushed into the chip. Because cleaning and sterilizing the 3 pumps in this configuration is difficult, such a method not only renders the droplets 4 highly susceptible to contamination by other microorganisms but also adds difficulty 5 to system cleaning. In our novel method of sample injection, the cell suspension and 6 reagents do not flow through the pumps, and the reagent bottles are easily cleaned and 7 sterilized. The quick connectors connect modularized parts in the system, provide 8 flexibility for parts replacement, and allow for straightforward system modification 9 and customization. 10
11
The MMC has a large linear range of OD600 measurement (0 to ~11), which 12 eliminates the need for sample dilution prior to measurement via UV-Vis 13 spectrophotometry. In addition, the small effect of different species on the OD600 14 calibration curves indicates the great reproducibility of the OD600 measurement 15 system in MMC (Figures 3 and S3 ). These advantages enable continuous and in situ 16 monitoring of microbial growth in MMC. Furthermore, it is possible to add 17 fluorescence intensity-detection devices to MMC, enabling it to be used for analysis 18 and sorting of microorganisms (Shen et al., 2019) . 19
20
The concentration of inoculum is a crucial parameter in each sub-cultivation. In 21 MMC, this parameter is determined by splitting and fusing droplets ( Figure 2) . When 22 the concentration of inoculum was between 13.1% and 75.2%, the coefficient of 23 variation (n = 50) was between 2.2% and 5.0% (Figure 4) , indicating reproducible 24 droplet manipulation in the MMC system. This reproducibly droplet manipulation 25 19 system improves parallelization of each droplet, thereby maximizing the accuracy and 1 validity of the results obtained. 2
The performance of microbial cultivation in MMC was investigated by growing six 3 species of microbial strains and obtaining growth curves for each species in 4 microliter-scale droplets ( Figure 5 ). There are few reports on the growth of 5 microorganisms in microscale droplets. Therefore, our results are important not only 6 with respect to demonstrating the capability of long-term automatic cultivation in 7 MMC but also for expanding the application of MMC, e.g., for laboratory-scale 8 adaptive evolution. With the drawbacks of conventional cultivation techniques, i.e., a 9 low-throughput and labor-intensive process, high reagent consumption of shake We also demonstrated adaptive evolution in MMC using the methanol-essential E. 5 coli strain MeSV2.2 as a model. Generally, the equipment for maintaining continuous 6 cultivation to sustain continuous evolution includes shake flasks, chemostat, an in-7 vial continuous cultivation system, a microfluidic-based continuous cultivation 8 system, and a droplet-based continuous cultivation system (Tan et al., 2019b). MMC 9 possesses many advantages when compared with such equipment, e.g., reduction in 10 reagent consumption, high-throughput cultivation, and automated operation and high 11 parallelization. In addition, modularization provides flexibility to the system. Owing 12 to the great reliability of MMC, it is possible to conduct adaptive evolution 13 experiments across several months. 14
15
Our results obtained with MMC suggests that this system can be adapted to many 16 more applications in the future, such as the determination of the minimal inhibitory expect that MMC will be used as a multi-functional integrated platform owing to its 22 high throughput and automated operations. remaining droplet is fused with a droplet containing fresh culture medium and 18 chemical factor using an electrocoalescence mechanism and becomes a new droplet. 19
In this system, the volume of the new droplet is the same as the droplet before 20 splitting. (e) Sorting of droplets. The selected droplet proceeds to the tube for 21 microbial cultivation, and the unselected droplet goes to the waste. 22 23 32 Figure 3. Calibration curves for OD600 measurements in well plates and MMC. In 1 each situation, i.e., well plate (inset) or MMC, calibration curves for the various 2 dilutions of six different trains are determined and plotted against measurements of 3 the same dilutions made with a UV-Vis spectrophotometer. Each calibration curve is 4 shown in Figure S3 in detail. The calibration curves of the six strains were quite 5 similar for both the well plates and MMC. The linear range of the measurement of 6 OD600 in MMC (0-11) is much greater than that in a well plate (0-6). For the strains in droplets 6 and 14, whether they were cultivated in MMC or in shake 2 flask, they all grew faster than the initial strain and had higher-OD stationary phases. 
